The thin-film vapor-liquid-solid (TF-VLS) growth technique presents a promising route for high quality, scalable and cost-effective InP thin films for optoelectronic devices. Towards this goal, careful optimization of material properties and device performance is of utmost interest. Here, we show that exposure of polycrystalline Zn-doped TF-VLS InP to a hydrogen plasma (in the following referred to as hydrogenation) results in improved optoelectronic quality as well as lateral optoelectronic uniformity. A combination of low temperature photoluminescence and transient photocurrent spectroscopy were used to analyze the energy position and relative density of defect states before and after hydrogenation. Notably, hydrogenation reduces the relative intra-gap defect density by one order of magnitude. As a metric to monitor lateral optoelectronic uniformity of polycrystalline TF-VLS InP, photoluminescence and electron beam induced current mapping reveal homogenization of the grain versus grain boundary upon hydrogenation. At the device level, we measured more than 260 TF-VLS InP solar cells before and after hydrogenation to verify the improved optoelectronic properties. Hydrogenation increased the average open-circuit voltage (V OC ) of individual TF-VLS InP solar cells by up to 130 mV, and reduced the variance in V OC for the analyzed devices.
INTRODUCTION
InP is not only used in photocathodes, 1 photodetectors, 2 and lasers, 3, 4 but it is also an attractive absorber material for thin-film solar cells due to its suitable optoelectronic properties, such as direct band gap, low unpassivated surface recombination velocity 5 and high electron mobility. Its band gap of 1.34 eV, ideally matches the terrestrial solar spectrum which translates into a theoretically maximum solar conversion efficiency of 31% (under terrestrial irradiation using a single p-n junction). 6 Our recently developed thin-film vapor-liquid-solid (TF-VLS) growth platform presents a promising route for the cost-effective fabrication of high quality InP. 7 In a first demonstration of device applications using the TF-VLS process, as grown InP was doped p-type with Zn by an ex-situ doping process and fabricated into solar cells. Promising efficiencies of up to 12.1% and a V OC of 695 mV were obtained using a n-TiO 2 /p-InP heterojunction architecture. 8 Despite these promising results, the V OC is less than what has been 2 reported for a InP wafer-based device, which displays a V OC of 785 mV. 9 One obvious difference between a commercially available single crystal InP wafer and TF-VLS InP is the presence of grain boundaries. In general, grain boundaries can limit the optoelectronic properties of materials due to a high density of dangling bonds and impurity segregation caused by differences in diffusion behavior as compared to the bulk material. [10] [11] [12] Analyzing our TF-VLS p-InP via a combination of secondary ion mass spectroscopy (SIMS) and capacitance-voltage (CV) profiling revealed that only ~10% of the incorporated Zn was electrically active in our TF-VLS p-InP, leading to the possibility that much of the interstitial Zn accumulates at the interfaces and along grain boundaries. 8 Moreover, the bulk material quality of single crystal InP can differ from thin-film InP as well, which is caused by structural differences inherent to the growth process such as dislocations, twin boundaries and related defects. 13 Hydrogen in semiconductors can play an important role by modifying the electrical properties of the material. It does so by passivating native defects and impurities, or inducing electrically active defects. Furthermore, it shows amphoteric behavior in semiconductors, where H + acts as a donor in p-type, and Has an acceptor in n-type semiconductors. 14, 15 In III-V semiconductors, hydrogenation of GaAs improves the optoelectronic homogeneity and reduces the surface recombination velocity. 16 Exposure of single crystalline InP to a hydrogen plasma is an efficient method to passivate shallow acceptors and dislocations. [16] [17] [18] [19] The latter, passivation of electrically active dislocations, leads to a reduction in trap states, and is accompanied by a narrowing of their energy distribution. The formation of neutral Zn-H complexes is proposed to explain the acceptor passivation. 17, 20 In this study, the effect of hydrogenation on the optoelectronic properties of Zn-doped TF-VLS InP (TF-VLS InP:Zn) was analyzed by low temperature photoluminescence (PL) measurements and transient photocurrent spectroscopy (TPI). In addition, the effect of hydrogenation on lateral optoelectronic uniformity was investigated using PL and electron beam-induced current (EBIC) mapping. Over all, hydrogenation induced defect passivation and enhanced optoelectronic uniformity translated into a Voc increase accompanied by a narrowing of the Voc distribution in TF-VLS InP solar cell devices. Figure 1 present the process schematic of the hydrogenated TF-VLS InP. A 3 μm thick In film was evaporated on Mo foil and capped with a 40 nm SiO 2 layer to avoid dewetting of In from the Mo substrate during phosphorization at high temperature. The SiO 2 layer confines the film geometry while allowing P to diffuse into and react with the molten In film. InP growth was carried out at 700 °C for 20 minutes in a mixed phosphine/hydrogen gas (10% PH 3 diluted in 90% H 2 ) at a total pressure of 100 Torr. After the growth, the SiO 2 cap was etched away by HF. As-grown InP shows n-type behavior caused by donor-like P vacancies (V P ). 21, 22 The as-grown InP was converted to p-InP by vapor phase solid source doping using Zn x P y as the Zn source where the presence of gaseous P simultaneously suppresses surface decomposition. Within the InP lattice, Zn can substitute for In or occupy interstitial sites. Substitutional Zn atoms give rise to the observed p-type conductivity. 23 As outlined above, only ~10% of the incorporated Zn is electrically active in our TF-VLS InP:Zn, i.e., Zn on In sites. Thus, a significant proportion of the Zn possibly forms precipitates or is incorporated as interstitial Zn. These Zn impurities can introduce deep recombination centers and thereby reduce the carrier diffusion length by increased recombination or by scattering-induced mobility loss. [24] [25] [26] Following ex-situ doping of the InP, the samples were exposed to a H-plasma ( Figure 1 ). Prior to hydrogenation, a 5 nm thick protective SiO 2 layer was deposited on InP to prevent surface damage and InP etching via the formation of PH 3 ( Figure S1 in the Supporting Information). An inductively coupled plasma (ICP) was used as the plasma source for the hydrogen species. ICP plasma offers the benefit of being a gentle plasma source as compared to DC biased plasmas. Since there is no bias voltage applied, the treatment depends on the diffusivity of H species in InP. TF-VLS InP:Zn samples were exposed to an optimized condition of H-plasma at 15 W plasma power and 2 Torr chamber pressure for 5 minutes. The V OC enhancement under different hydrogenation conditions is shown in Figure S2 in the Supporting Information. Following hydrogenation, the SiO 2 cap was etched away by HF. A pn junction is required for some of the measurements presented below, thus, a 15 nm amorphous n-TiO 2 layer, acting as an electron selective contact, was deposited on the InP:Zn film by atomic layer deposition using titanium isopropoxide and water precursors at a temperature of 120 °C. Finally, a 55 nm ITO layer was sputtered on top of the n-TiO 2 as the transparent electrode, acting simultaneously as an antireflective layer to complete the stack (compare Figure 5a ). EBIC analysis was done at an accelerating voltage of 30 kV and a beam current of ~4 nA. PL mapping was performed with a 632.8 nm HeNe laser at 800 μW at room temperature. A Solar Light 16S 300W solar Page 2 of 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 simulator was used as the light source at 1-sun intensity (100 mW/cm 2 , AM1.5G) at room temperature to record the J-V curves. TPI spectroscopy, a form of sub-gap absorption spectroscopy, was used to characterize the energetic distribution of optically active defects in the band gap of TF-VLS InP photovoltaic devices. 27, 28 In order to measure a TPI spectrum, a current transient was produced by holding the sample in reverse bias (-0.5 V) following a 100 ms filling pulse (+0.2 V). The samples were illuminated with monochromatic light during every other transient, and the TPI signal was calculated from the integrated difference between the illuminated and nonilluminated transients. By scanning the energy of the monochromatic illumination, and normalizing by the incident flux, a spectrum was produced. 29, 30 Measurements were performed at 80 K.
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RESULTS AND DISCUSSION
The optoelectronic properties of TF-VLS InP:Zn were investigated by low temperature PL. The PL spectra taken at 8 K on samples before and after hydrogenation (488 nm Ar ion laser excitation, 200 μW), together with Gaussian fits of the data (dotted lines) are shown in Figure 2a . The fitted peaks are in agreement with previously reported PL spectra and can be attributed to various transitions based on those analyses. From high to low energy, they are band-to-acceptor (B-A) transition at 1.37 eV, the donor-to-acceptor (D-A) transition at 1.34 eV, a small longitudinal-optical phonon replica (LO) of the B-A transition at 1.32 eV, and a broad peak extending from 0.95 to 1.22 eV (centered around 1.13 eV) related to various deep levels (DLs). [31] [32] [33] [34] These DLs can be associated with V P , interstitial Zn, residual impurities, and their complexes. 33, 35 After hydrogenation, the absolute PL intensity associated with the DLs drops by a factor of four (Figure 2b) , the B-A transition appears next to the D-A transition, and the near band edge transitions (D-A and B-A transitions) show a slight intensity increase. The reduction in DL intensity indicates that hydrogenation passivates DL related defect states within the band gap, while the appearance of the B-A transition and increased near band edge transition intensity imply reduced non-radiative recombination, thus increased radiative recombination.
The rollover of the exponential bandtail seen in the TPI spectra at high energies (Figure 2c ) indicates a band gap of 1.41 eV at 80 K. An Urbach energy of 15 meV was extracted from the bandtail slope for both samples. This value compares favorably with Urbach energies reported for other polycrystalline thin-film solar cell materials. Values reported for CIGS, range from 18 to 26 meV, for CdTe from 15 to 25 meV, and for CZTS from 13 to 31 meV. [27] [28] [29] [30] At energies below the bandtail, the spectra of both samples are well fitted by the sum of two defect transitions occurring at 0.64 and 1.10 eV. For the sample without hydrogenation, the defect transition at 1.10 eV dominates the sub-gap absorption. The magnitude of the 1.10 eV defect response was reduced by a factor of ~30 after hydrogenation. The energetic location of this transition and its reduced intensity after hydrogenation are in good agreement with the diminished DL response seen in the low temperature PL spectra.
Following the defect study, the effect of hydrogenation on the net hole concentration in InP:Zn was analyzed by CV measurements. To reduce the series resistance, a 100 nm Au layer was deposited on top of the completed devices (Au/ITO/n-TiO 2 /p-InP/Mo). A 1 x 1 mm 2 active area is defined by patterning the Au/ITO using lithography. Figure 2d illustrates the hole concentration in TF-VLS InP:Zn before and after hydrogenation. After hydrogenation, there is a slight decrease in hole concentration, from ~3.5 x 10 17 cm -3 in the untreated sample to ~2 x 10 17 cm -3 in the hydrogenated sample. This slight reduction in hole concentration after hydrogenation was observed consistently in more than 10 samples, indicating a statistical difference. Moreover, the hole concentration at the surface is about three times lower after hydrogenation. Zn accumulation at the InP surface might limit the electron transport from InP to TiO 2 due to an unfavorable band bending, which could lead to high charge carrier recombination, resulting in a Voc loss. 8, 23 The beneficial reduction in hole concentration after hydrogenation could be explained by a neutralization reaction where substitutional Zn (Znacceptor) forms an electrically neutral complex with hydrogen: H + + Zn − (ZnH) 0 . 17, 36 Page 3 of 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Next, the influence of hydrogenation on charge carrier collection in the completed solar cell devices was investigated by EBIC top-view mapping. In the EBIC technique, the electron-hole pairs are generated by scanning the electron beam across the sample, and are separated by the built-in electric field. 37 The dark lines in the image of the sample before hydrogenation ( Figure 3b ) depict poor carrier collection along grain boundaries likely due to a higher concentration of non-radiative recombination centers. 38 Figure 3c shows that hydrogenation helps to improve charge carrier collection over grain boundaries. One possible explanation for this is that most of the electrically active Zn or other impurities that segregate along grain boundaries, 39 are neutralized by the hydrogenation, thus improving carrier transport and collection. The neutralization mechanism could be interpreted by hydrogen bonding to electrically active Zn or impurities, via the formation of electrically inactive neutral complexes, which passivate the active grain boundaries. 17, 36 We then studied the optical uniformity of the material via PL mapping. Figure 4 shows normalized PL maps of the TF-VLS InP:Zn before and after hydrogenation recorded at the same location on the film. After hydrogenation, the initially dark grain boundaries show a relative increase in PL signal. Consequently, the PL signal becomes more uniform over the mapped area, resulting in a reduced standard deviation. In combination with the EBIC analysis, this result leads to the conclusion that hydrogenation helps to form optoelectronically more benign grain boundaries. The influence of hydrogenation at the device level is depicted in Figure 5 . Figure 5a illustrates a schematic of the device stack and Figure 5b depicts the dark and illuminated current density versus voltage (J-V) measurements. From the J-V curves of an average device under illumination, one can see that the V OC shows pronounced improvements from 455 to 635 mV after hydrogenation. One reason for the clear Voc increase is the significant suppression of dark current after hydrogenation ( Figure  5c ) which is almost up to one order of magnitude lower compared to the untreated sample. Moreover, the shunt resistance of 456 Ω cm 2 increases to 2837 Ω cm 2 , which is extracted by fitting the slope past short-circuit from the dark current.
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In a polycrystalline material, the shunting behavior could be caused by two main reasons: the present of grain boundaries or highly localized shunt regions. 40 Grain boundaries are a likely origin of shunt paths. 41 If the grain boundaries are type inverted, they directly connect the ntype TiO 2 to the metallic back contact, causing a leakage Page 4 of 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 current. After hydrogenation of TF-VLS InP, the shunt resistance and V OC increase dramatically, indicating the electronic activity of grain boundaries and localized defects is passivated by hydrogen, suppressing extensive dark current flow.
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Further analysis of the J-V measurements, reveals almost the same J SC (26.6 and 26.7 mA/cm 2 ) but improved FF from 59% to 64% related to the significant V OC and shunt resistance increase. This results in a conversion efficiency of 10.8% for the hydrogenated device, a marked improvement from 7.1% before hydrogenation. Figure 5d illustrates the V OC distribution of 267 TF-VLS InP solar cells with their Gaussian fits (that serve as a guide for the eye) before and after hydrogenation to verify the improved optoelectronic properties. More precisely, a histogram is shown with the experimental V OC values binned by a 100 mV window. With hydrogenation, the average V OC is 570 mV compared to an average of 441 mV without hydrogenation. The corresponding standard deviation dropped to 83 mV compared to a standard deviation of 118 mV without hydrogenation. Although the conversion efficiency does not overcome the reported record device performance, 8 this finding reinforces the idea that hydrogen passivation significantly enhances optoelectronic uniformity accompanied by a narrowing of the Voc distribution in TF-VLS InP solar cell devices.
CONCLUSION
In conclusion, we have demonstrated that hydrogenation is an effective method to increase the optoelectronic quality and the lateral optoelectronic uniformity of TF-VLS InP:Zn. Low temperature PL measurements in combination with transient photocurrent spectroscopy showed the reduction of sub-band gap states. Electrical CV measurements revealed a decrease in net bulk and surface hole concentration after hydrogenation, thus supporting the formation of electrically neutral Zn-H complexes (ZnH) 0 . Additionally, PL and EBIC mapping provided evidence for more uniform charge carrier collection after hydrogenation, suggesting that hydrogenation results in grain boundaries that are more electrically benign. The higher optoelectronic quality and uniformity directly translate to an average Voc enhancement of more than 100 mV as well as a reduction in Voc variation from sample-to-sample. This result outlines a promising method for the improvement of nonepitaxial III-V thin-films for future optoelectronic applications.
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